Introduction
It has been reported that the 2,2,6,6-tetramethyl piperidinyl-1-oxyl (TEMPO) derivatives can be reduced by substances in biological systems and can be easily reoxidized by oxidative stimulation, such as the generation of a reactive oxygen species, superoxide or hydroxyl radical, resulting in the original nitroxyl radicals:
>N-O· + (reductants in vivo) → >N-OH
(1)
>N-OH + (oxidative stimulations) → >N-O· (2)
Though this reaction has been widely employed as a redox probe in biological systems, [1] [2] [3] [4] we have a question as to why the reduced form of the nitroxyl radicals effectively works as a redox probe for oxidative stress in vivo regardless of their slow oxidation at electrodes, and their irreversible electrochemical property. [5] [6] [7] We cannot help commenting that its reaction mechanism has been sufficiently elucidated. It is only at hanging mercury drop electrodes (HMDE) in a basic aqueous solution that they can be reduced to their hydroxl amine form, >N-OH, (or deprotonated one, >N-O -), in a reversible or a quasi-reversible electrochemical process. 8, 9 Taking into account these facts, an investigation of the effect of oxygen on the cathodic reduction of the TEMPO derivatives at an HMDE might be a clue to explain the mechanism of a redox spin probe process for oxidative stress.
In this note, we report on the preliminary results, and give an explanation of the cathodic reduction of a TEMPO derivative in both the presence and absence of oxygen in a neutral or basic aqueous solution, and suggest the regeneration mechanism of a nitroxyl radical of the active ESR during a spin-probe experiment.
Experimental
Potassium sulfate (Junsei Chemical Co., Ltd.), as a supporting electrolyte, 4-hydroxyl-TEMPO (TEMPOL, Wako Pure Chemical Industries, Ltd.) and potassium hydroxide (Wako Pure Chemicals) as a base were used as received. The hydroxy group in the 4-position of TEMPOL guarantees its solubility in an aqueous solution. When oxygen was needed, O2 gas (99.995%) was directly bubbled into the cell in order to obtain a saturated solution. A control growth mercury electrode (BAS Co., No.10-8035) was used as the working electrode in the stationary mercury drop electrode mode as the HMDE (area: 0.0027 cm 2 ). A computer-controlled electrochemical system (BAS 100B/W) was employed for conventional three-electrode electrochemical measurements with a Pt wire auxiliary electrode, and an Ag|AgCl (3 mol dm -3 (M) sodium chloride, BAS) reference electrode.
All of the electrochemical experiments were carried out at laboratory temperature (22 ± 2˚C). Though the electrochemical reduction of TEMPO derivatives at glassy carbon or other solid electrodes is not reversible in an aqueous 5, 6 or aprotic solution, 7 we can observe a quasi-reversible reoxidation wave with the HMDE in neutral aqueous solutions. 8, 9 The ratios of the anodic peak (Ia) current to cathodic (Ic) one (ip a /ip c ) were smaller than unity (0.6 in this case), thus exhibiting that the following chemical reaction that was consistent with previous results. Figure 2 is the CVs of TEMPOL when 18 mM KOH was added to the same solution, as in Fig. 1 . Compared with that in the neutral aqueous solution shown in Fig. 1 , the reduction potential of TEMPOL moves towards the less-positive direction and an oxidation current enhancement is observed. The ip a /ip c values in Fig. 2 are almost unity, indicating that there is no influence of any following chemical reaction, and that it is due to the H + ion that affects the oxidation wave of Fig. 1. In Fig. 2 , the separation of the anodic peak (I′a) and cathodic peak (I′a) potentials is 66 mV at potential sweep rates of between 200 and 10 mV s -1 , which also correspond to quasi-reversible reduction. Figure 3 shows the CVs of TEMPOL obtained with the HMDE in the presence (a) and absence (b) of saturated O2 in neutral K2SO4 aqueous solutions. In Fig. 3a , the cathodic current peak at -300 mV (Ic) corresponding to the reduction of TEMPOL increases and, furthermore, the coupled anodic current peak at -215 mV (Ia) also increases. Another redox couple, IIc/IIa, which is in a more positive potential region, corresponds to the two-electron reduction of oxygen. 10 The mechanism of the twoelectron reduction of O2 in aqueous solutions is considered to be as follows: O2 -, which is formed by the one-electron reduction of O2, abstracts a proton from water, which leads to the formation of the hydroperoxy radical, HO2·. Since the formal potential of HO2· is more positive (+ 0.43 V vs. Ag|AgCl) 11 than that of O2 -, HO2· is immediately reduced to HO2 -(or to its conjugate acid, H2O2, pKa = 11.8). 12 On the other hand, the pKa value of >N-OH, which is the reduced form of >N-O·, is reported to be 5.18. 6 In biological systems in which reactive oxygen species are generated, HO2 -would also be formed as a result of disproportionation. It is reported that the superoxide ion was prepared using >N-OH as a reducing agent of oxygen. 13 Thus, an enhancement in the reduction current at -300 mV (Ic in Fig. 3a) may be attributed to the catalytic reduction current of residual oxygen by >N-O -or >N-OH, 2 and the reoxidation current at -230 mV (Ia) shows an inhibition of the following protonation of >N-O -. The reduced form of dissolved oxygen, O2 -, can be subject to electrochemical reduction to HO2 -after immediate protonation, and the catalytic cycle then goes to completion. The current value of Ic was larger than the graphical sum of each current value for oxygen reduction and TEMPOL reduction independently measured. The shape of the voltammogram corresponding to TEMPOL reduction showed almost a steady-state current behavior under a slow potential sweep rate condition, such as 10 mV s -1 . These facts support the reaction of the reduced form of TEMPOL with oxygen. In order to confirm this proposed mechanism, a measurement in the presence of O2 in a basic solution was carried out. Figure 4 is the CVs of TEMPOL obtained with the HMDE in the presence (a) and absence (b) of saturated O2 in basic aqueous solutions containing 18 mM KOH. The redox wave of TEMPOL is superimposed on that of O2 and the redox potentials of both are less positive compared than those in Fig. 3 . The enhancement of the reduction current of TEMPOL in Fig. 4 (I′c) is also similar to that in Fig. 3 (Ic) . However, the oxidation current of the reduced form of TEMPOL (I′a in Fig.  4a ) did not increase. This could be due to the fact that >N-OH could not be formed in a basic solution, and that TEMPOL undergoes a quasi-reversible electrode reaction regardless of the dissolved oxygen or its reduced species. Though hydroxylamine, >N-OH, is reported to be easily oxidized by a small amount of dissolved oxygen, 13 we consider that it is necessary for oxygen to act as an oxidant against >N-OH and to be an effective proton accepter to coexist. The environment in which a nitroxyl radical works as a redox spin probe for oxidative stress is also the place in which oxygen and reactive oxygen species act as both an oxidant and a Lewis base.
Results and Discussion
>N-O -+ H + → > N-OH (4)(3)
Conclusion
The electrochemical reduction of a nitroxyl radical in the presence of oxygen suggests that preventing the protonation of >N-O -by the reduced form of oxygen, such as HO2 -, allows for a feasible reoxidation of the nitroxyl radical. This may be the reason why nitroxyl radicals, which show a sluggish redox property at electrodes, except at a mercury electrode, can be used as a redox spin probe for oxidative stress in biological systems.
